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Abstract

Low Reynolds number flows are characterized by boundary layer separation due to the effect of viscous forces. The
separated flow may reattach through the exchange between the molecules resulting in Laminar Separation Bubble LSB.
LSB, known for its detrimental effect on the performance is sensitive to the airfoil geometry. The current paper describes
the use of trip boundary on the suction surface of SD7003 airfoil as flow control technique to enhance the airfoil
performance at Re = 6 X 10* and @ = 4deg using numerical analysis. Due to the complexity of finding the trip size and
location, Response Surface Methodology RSM is used to obtain the optimum combinations between the height, width
and the position of the turbulator. Thus, the design variables are the height [0.2mm,0.6mm], width [140mm, 200mm]
and the position of the trip away from the leading edge [10%c, 25%c]. Using the Desirability approach with Nelder-
Mead simplex algorithm, the trip location is found to be effective downstream the separation location of the untripped
airfoil. At the optimum design parameters, the length of LSB has decreased by 2.32% and the airfoil performance
increased by 6%.

Keywords: Low-Reynolds Number; Laminar Separation Bubbles; SD7003 Airfoil; Trip Turbulator; Response Surface
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1. Introduction

The low Reynolds number regime has become a field of great interest with the advent of Unmanned Aerial Vehicles UAV
and Micro Aerial Vehicles MAV. The boundary layer of the airfoils operating at this regime does not carry sufficient
momentum and as result, the laminar boundary layer separates when encountering a strong adverse pressure gradient
[1-3]. If the momentum at the boundary layer is further weak, the layer remains separated while transition occurs late
causing a large periodic shedding. The separated boundary layer can incept Kelvin-Helmholtz vortices into the shear
layer which break down into small turbulent spots resulting in reattachment to transition to turbulent flow and thus
creating LSB. Due to its direct effect on the airfoil’s performance, LSB is intensively studied [4-6]. Several studies have
shown that the length of LSB is sensitive to flow conditions. For instance, an increase in angle of attack or Reynolds
numbers decrease the size of LSBs or even burst completely and a change in the airfoil geometry affects the variation of
lift and the separation point.

With the advent of high-power computers, the low Reynolds number flow around an airfoil can be duplicated and
computed with accuracy. The flow features that are Separation, Transition and Reattachment can be tracked and the
performance of airfoils can be known at various conditions. This numerical method known as Computational Fluid
Dynamics CFD is based on the Navier-Stokes equations which need to be converted into algebraic equations by a model.
Models such as Direct Numerical Simulation DNS and Large Eddy Simulation LES prove to be reliable in capturing the
transition from laminar to turbulent; However, these models are both time-consuming and costly [7]. Other models less
costly such Reynolds-Averaged Navier-Stokes models are being used providing satisfactory results. Catalano and
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Tognaccini [8] used the RANS model k — w SST to predict the flow features around SD7003 airfoil at Reynolds number
of Re = 6 x 10* and found the model to show an accuracy close to LES [9] and Implicit LES [10] in predicting the
separation, transition and reattachment point and the pressure coefficient.

The flow separation at low Reynolds number reduces the effective camber and increases the pressure drag thereby
decreasing the airfoil performance. In order to decrease the pressure drag, researchers employed one of these two
techniques [11-15]. The first technique is to carefully tailor the pressure distribution around the airfoil to permit an
early transition. This method is well understood, requiring the experience of the designer. The second is the use of
turbulators such as vortex generators, trip, zigzag turbulator etc. to change the nature of the flow downstream the
separation point by creating streamwise vortices leading to turbulent flow. Even though turbulators have been used for
over 50 years in the aircraft industry, the principle behind is scarcely understood as one configuration of the turbulator
on an airfoil may not be effective on another airfoil [16]. In the early stage of this study, a feasibility analysis is conducted
as to which of the turbulator can be used on SD7003 airfoil to enhance the performance. The analysis has led to a choice
between vortex generators and trips. Mwenegoha and Jabbal [17] employed the vortex generators and the zigzag
turbulator on the wing of a Skyranger Microlight aircraft to enhance the performance and the stall angle. It was found
that vortex generators increase slightly the performance only at high angles of attack. Huber and Mueller [18] studied
the effect of trip wire roughness on the performance of the Wortmann FX 63-137 airfoil at Reynolds number of Re =
1 X 105. And it was found that when the trip is located at the maximum thickness of the airfoil at a = 4°, the
performance increases by 3%. Lyon et al. [19] tested three categories of boundary layer trips (single 2D, multiple 2D
and 3D trips) on three airfoils at low angles of attack over the Reynolds numbers of 1 x 10° to 3 x 10° and their findings
show little advantages in utilizing multiple 2D or 3D trips over the single 2D trip and the single trip is more effective for
short LSB. Therefore, based on the advantages of trip and the short laminar separation bubble displayed by SD7003
airfoil at low angles of attack, the trip turbulator is selected and applied on the airfoil (see Figure 1).
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Figure 1 Trip turbulator applied to SD 7003 at a=4deg (d stands for the distance away from LE, h and w are the height
and width respectively).

The application of the trip geometry on an airfoil is characterized by the trip height, width and its location away from
the leading edge. Part of the difficulty of the trip application mentioned by Lyon et al. [19] is the finding of the optimum
design variables which can increase the lift and decrease the drag. Response Surface Methodology RSM, known for its
effectiveness in finding the optimum combinations can be used to alleviate this difficulty. RSM allows a random selection
of the design variables and does not require the calculations of the local sensitivity of each variable [20, 21].
Furthermore, the method can smooth the high frequency noise of the objective function thus becoming more effective
for optimization problems. Oh [22] used the two prominent surrogate models, Response Surface Methodology RSM and
Artificial Neural Network ANN to optimize a transonic airfoil and found that at the low degree of freedom, RSM exhibits
superiority compared to ANN. Landman et al. [23] utilized RSM to find the optimum combinations of the trip factors
namely the distance from the leading edge, width and thickness to enhance the performance of low Reynolds number
propeller.

In this current study, the Faced Central Composite Design FCCD-RSM [24] combined with High-Fidelity using k — w SST

model is used to optimize the design variables of the trip configuration at Re = 6 x 10* and @ = 4°. The Selig-Donovan
SD7003 airfoil is selected due to availability of the experimental and numerical data [9, 10]. It is expected that the use
of the trip will enhance the aerodynamics performance by delaying the onset separation.
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2. Numerical Method

The current flow is incompressible as the density variation with time is insignificant. The Navier-Stokes equations are
utilized to describe the flow pattern in the finite control volume. Ignoring the effect of body forces, the continuity,
momentum equations are respectively given as:

2
Egﬁﬁﬁv pdv+ [ pV.dS=0 i &3]

2
Eﬁv pVdv+ g (pV.dS)V = — b pds + Foiscous  eeeeeermsssenen )

Where p is the fluid density, V and p are the freestream velocity and the pressure.

The flow simulation in this study is around an airfoil at low-Reynolds number where the wake region and free shear
region need to be taken into account to accurately predict the aerodynamic characteristics. Wilcox [25] developed a
model k — w which allows the treatment of rough walls and surface mass injection. The parameters k and w stand for
turbulent kinetic energy and specific dissipation rate respectively. Unlike other two transport equation models, k — w
doesn’t incorporate the damping function into the formulation and allows Dirichlet boundary conditions by setting
numerical value of variables at the boundary conditions. However, the model fails to account for the flow features in the
wake region of the boundary layer due to the strong sensitivity to the freestream dissipation rate outside the boundary
layer [26]. In the wake region, k — € model is preferred. Menter [26] introduced an improved version of k — w model to
effectively capture flow features both in sublayer and logarithmic region of the boundary layer and wake region. The
idea behind the model was to utilize the original k — w in the inner region of the boundary layer and to switch on to the
standard k — ¢ in the wake region. In order to achieve this, the two transport equations of the original k — w and those
of k — € model were multiplied by F; and (1 — F;) respectively. The combination of these equations results in two
transport equations given as follows:
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Where g%, 8, v, ok, 0, and o, are constants given in [26], 7;; is the Reynolds stress tensor and F; is the blending
function which takes the value of 1 in the inner region and 0 in the wake region.

k — w model in this study is combined with the shear stress transport SST to account for the eddy viscosity in the
adverse pressure gradient region resulting in four transport equations.

2.1.1. Verification of Numerical Method

High-fidelity solver Fluent is utilized to assess the numerical method at Reynolds number of Re = 6 x 10%, angle of
attack of @« = 4deg and turbulence intensity of Tu,, = 0.1%. The solver is based on the integral form of the governing
equations which guarantees the conservation laws and avoiding non-differential jump. SD7003, a well-known low-
Reynolds number airfoil for which experimental and numerical data are available is selected [9, 10, 27]. The chord
length of the airfoil is 1m. Counsil and Boulama [28] studied the effect of the computational domain on the flow features.
Two domains of 10c and 20c upstream the airfoil were considered. For both configurations, the far-field downstream
of the airfoil was 20c. It was found that the domain of 20c upstream the airfoil was independent of the separation and
reattachment points. Thus, the current computational domain is designed after their configuration as shown in Figure
2.

Besides the effect of the computational domain, numerical results depend on the grid density. A total of 6 grids with C-
H typology centered around the airfoil were considered (see Table 1). Case 1 is coarsely generated and the remaining
cases are generated by refining case 1 either streamwise or normal wise. The height of the first cell distance for all the
cases is obtained by setting a y* less than 1. All the simulations were computed using SIMPLE scheme for pressure-
velocity coupling with the second order scheme and to avoid truncation errors, double precision is used.
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Figure 2 Computational domain and grid typology for SD7003 airfoil.

The flow features are characterized by separation point S, transition point T, reattachment point R and the length of the
LSB relative to the chord. These are obtained from the plots of the friction coefficient Cr and verified with the pressure
coefficient C,, on the upper surface of the airfoil. For instance, the separation point is marked by the crossing of the x-
axis by the C; plot in the negative y-axis. The sudden decrease of the curve until reaching its negative peak indicates the
transition point. And the reattachment point is specified as the abrupt recovery from its negative peak to a positive
value. The length of the LSB is then calculated as the difference between the reattachment point and the separation
point. As for C, plot, the separation point is estimated as the intersection of nearly linear pressure recovery region to
the nearly constant-pressure region. And the transition and reattachment points are the local maximum and minimum
of the second derivative of the polynomial fit respectively [29]. Table 1 summarizes the flow features obtained by RANS
model k — w SST for the considered grid densities. The increase of grid in streamwise and normal wise has no effect on
the separation point; the point remains unchanged. Likewise, the transition point is somewhat constant for all cases. On
the contrary, the reattachment point varies as a function of grid densities in both streamwise and normal wise. When
the grid is increased in the normal direction, the reattachment decreases slowly whereas the increase in the streamwise
decreases suddenly the reattachment point. The cases 4 to 6 displayed a short and consistent LSB length compared to
cases 1 to 3. In comparison to available computational and experimental data (see Table 2) and considering the
computational time, Case 4 is chosen for the remaining study.

Table 1 Grid sensitivity study on SD7003 at Re = 6.0 x 10%, « =4deg and Tu,, = 0.1%.

Case | Rinlet/c Grid density | Xsep/C Xtrans/C Xreat/C Liss/c
1 20 456x135 0.20 0.57 0.72 0.52
2 20 456x190 0.20 0.57 0.70 0.50
3 20 456x245 0.20 0.56 0.69 0.49
4 20 640x190 0.20 0.56 0.64 0.44
5 20 640x245 0.20 0.56 0.65 0.45
6 20 900x245 0.20 0.57 0.64 0.44

Figure 2 displays the friction and pressure coefficient plots for RANS model k — w SST compared with Large Eddy
Simulation LES [9] and Implicit Large Eddy Simulation ILES [10]. Based on C; plot, the separation and reattachment
points predicted by RANS are in agreement with LES and ILES. However, the model predicts an earlier transition. As for
the pressure coefficient, no significant difference is observed between RANS model and LES. Due to the satisfactory
agreement between the published data and the current results, k — w SST model is sufficient to evaluate the
aerodynamics performance of SD7003 airfoil at Re = 6 X 10* and angles of attack range of @ = [0deg, 8deg].
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Table 2 Time-averaged LSB characteristics: SD7003 at Re = 6.0 x 10* and Tu,, = 0.1%.

The airfoil efficiency defined as the ratio of the lift coefficient to the drag coefficient is shown in Figure 4. The results
predicted by the RANS model k — w SST are compared with those of experiment [3] and ILES [10] for angle of attack
range of [0deg, 8deg]. Over this angle of attack range, k — w SST underpredicted the aerodynamics efficiency compared
to both ILES and the experiment. However, as angle of attack increases, the error difference between the experiment
and RANS decreases. The error difference between the experiment and k — w SST model for all the considered angles
of attack is less than 25%. The residuals at @ = 4deg is below 10> as shown in Figure 4. Since the aim of this study is

AoA, deg | Method Xsep/C | Xtrans/C | Xreat/C | Liss/C

4 2-Dk — w-SST | 0.20 | 0.60 0.70 | 0.50
3-D LES [9] 0.25 | 0.52 0.61 | 44
3-D ILES [10] 0.23 | 0.55 0.65 | 0.42
Wind tunnel [3] | 0.30 | 0.53 0.62 0.32

Figure 3 Friction and pressure coefficient distribution over SD7003 airfoil for Grid 4

to show the effectiveness of trip in performance enhancement, this result is accounted for as acceptable.
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Figure 4 Lift-to-drag ratio compared with available data at Re = 6.0 X 10* and Tu,, = 0.1% and the residuals at a =
4deg
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3. Response Surface Methodology

3.1. Overview

The overall procedure of RSM is shown in Figure 5. As any optimization approaches, RSM starts by identifying the design
parameters affecting the objective function. Each parameter has a lower and upper bound value to maximize the value
of the objective function. Moreover, the Design of Experimental is used to select the number of experimental
combinations which are computed for the response function. Then, a response surface is established to obtain the
mathematical model. The first order model is largely sufficient when the relation between the design variables and the
response is linear. However, most design problems including the current study expect the effect of the interaction
between the design variables and the two-factor interaction 2FI general formulation is given as:

y=ﬁo+iﬁixi+§k: Zk: Bijxixj + & v (5)

i=1j=2i;

Where y is the response function, x; and x; are design variables, 8, the intercept coefficient, f; the coefficient of design
variable x;, B;; the coefficient of the interaction of x; and x; for j=1,2,...k and i < j and ¢ is the random error normally
distributed with the mean 6 and the standard deviation o.

To ensure the adaptability of the model and that the built model reflects the optimization target, the deterministic factor
R? is used and given as:
SSE

RP=1-30 (6)

Where SS; and SS; are the sum of squared residuals and total sum of squares respectively. The value of R? is between
0 and 1. When R? is close to 1, the model has a high reference value which is preferred and when it is close to 0, the
reference value is low. Finally, the Desirability approach with Nelder-Mead simplex algorithm is used to obtain the final
optimal point within the design space.

Problem Setup
Design variables: Lower and upper bounds
Objective function

|

Design of Experiments
Selection of Experimental points

1

Numerical Analysis
Determination of the value of the objective
function at each experimental point

4

Regression Analysis
Construction and examination of the model

4

Numerical Optimization
Desirability approach

3

| Final optimal point I

Figure 5 Optimization procedure using RSM.

3.2. Design variables and Objective Function

The application of trip on an airfoil is characterized by its height, width and location from the leading edge [18, 19]. The
height of the trip k is found by Huber and Mueller (1987) to be a function of the external velocity U, and kinematic
viscosity v and given as:
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826V
Ue

k= exp (—0.9A1) e (6)

Where A, is a non-dimensional pressure gradient term estimated to be between 0 and 0.3. Thus, the range of k used in
this study is [0.2mm, 0.6mm].

As for the trip width, its range is selected based on the trip width used by Lyon et al. [19]. From the numerical analysis,
the separation point occurs at 20% of chord and the trip location range away from the leading edge is selected to be
upstream and downstream the separation point. The three design parameters and the range of their levels are shown
in Table 3 which Design-Expert DX software [30] needs to provide various combinations. The aim of these combinations
is to obtain the optimum design variables which maximize the airfoil performance given by:

b

E=gl 7)

Where C; and C, are airfoil lift and drag coefficient respectively.

Table 3 Design parameters and their range.

Factor Unit | Low | High
Height mm | 0.2 | 0.6
Depth mm | 140 | 200
Distance from LE | %c 10 25

4., Results

The Response Surface Methodology provides a comprehensive approach to experiment analysis including significance
testing, model building and adequacy. The ANOVA table of the airfoil performance E is shown in Table 4. The P-value of
the model is less than 0.0001 which indicates that the model is significant. P-value is a metric used to show the
significancy of a model or variable. When the P-value of a variable is less than 0.05, the parameter is said to be
significant; Otherwise, it is not. The variables A (trip height) and C (trip width) are significant whereas variable C (trip
location from leading edge) is insignificant. However, its interaction with variables A and B is significant. The
mathematical model of the airfoil performance E in terms of coded factors (A: trip height; B: trip width and C: trip
location) is given by:

E = 239334 + 0.03264A — 0.040274B + 0.050807C + 0.06104AB + 0.11544AC — 0.086200BC ........ (8)

From the signs of the equation above, the variable B and the interaction between B and C have a negative effect whereas
the variables A, C and the interactions between A and B, A and C have a positive effect on the performance.

Table 4 ANOVA for the performance E.

Source Sum of Squares | df | F-value | P-value
Model 0.2486 6 | 3.84 <0.0001
A-h 0.0107 1 |0.9889 | 0.0079
B-w 0.0162 1 | 151 0.0414
C-d 0.0258 1 | 240 0.1982
AB 0.0298 1 | 277 0.1700
AC 0.1066 1 |9.89 0.0214
BC 0.0594 1 | 552 0.0146
Residual | 0.1401 13

Cor Total | 0.3886 19
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Table 5 summarizes the fit statistics of the model. The correlation factors R?, adjusted R?> and predicted R? were high
within the range [0,1] and the difference between adjusted R? and predicted R? was less than 0.2. The considered model
could explain 82.91% of the variation seen in efficiency response.

Table 5 Fit statistics for aerodynamics performance E

Parameter | Value
R? 0.8291

Adjusted R? | 0.8072

Adjusted R? | 0.6945

To have a valid and reliable response model, criteria such as normality and independent distribution needed to be
verified. The normality and independent distribution assumptions are visualized through the plot of normal probability
and residuals versus predicted values respectively. During the normality evaluation, the residuals are expected to follow
the straight line in the normal probability plot. If the lack of normality exists, the residuals form an S/I-shaped curve. As
it can be seen in Figure 6(a), the residuals follow the straight line and therefore the normality criterion is not violated.
And for the independent distribution assumption, the residuals are expected to be randomly scattered which is the case
in Figure 6(b). Therefore, this model is reliable and can be used to carry out numerical optimization.

(a) (®)

Og
ly Studentized Residuals
a®

Normal % Probability
o

Externally Studentized Residuals Predicted

Figure 6 Normal Probability (a) and Residuals vs Predicted E values (b)

The ultimate goal of the Response Surface Methodology is to determine the optimum values that maximize the response.
However, the optimization problem becomes difficult when more than one response is considered for it requires
satisfying all the response criteria. Derringer and Suich [31] introduced within RSM a technique in which multi-response
problem is reduced to single-response problem known as Desirability function. The lift and drag coefficient and the
ratio lift-to-drag are the responses in the airfoil optimization. Based on the regression model results, the numerical
optimization is performed to obtain the variables which affect the efficiency distribution where C; is maximized and C,
minimized. The desirability approach with the Nelder-Mead Simplex direct search algorithm in Design Expert software
[30] is used for this purpose. The optimum combinations along with the predicted C;, C; and E and computed E are
summarized in Table 6. The optimum location of the trip is found to be at 25% of chord, behind the separation point of
the airfoil without the trip. The computed result is in good agreement with the predicted value with an error of less than
1%.

At low Reynolds number, the drag due to flow separation (pressure drag) is the major component of the total drag and
a decrease of the pressure drag by delaying the onset separation will result in airfoil performance enhancement. Figure
7 shows the flow features (separation, transition and reattachment) of SD7003 airfoil without and with trip. The flow
separation of the airfoil with trip occurs at 22% of chord which is delayed compared to the airfoil without the trip.
Moreover, the trip has delayed the reattachment point resulting in a slight shortening of the Laminar Separation Bubble.
As aresult, the airfoil performance has increased by 6%.
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Table 6 Numerical optimization goals and Fluent solver compared to the predicted value.

Factor Goal Optimum Predicted E | Computed
Value E
A: L,, mm In Range 0.6
B: L;, mm In Range 195.568
24.178 24.242
C: Ly, %c In Range 25
C, Maximize 0.580
Cyq Minimize 0.024
0.025
0.02 — Aurrfoil without trip
0.015 —— Airfoil with trip
0.01
$)
0.005
P
-0.005 -
\/
0.01
0 01 02 03 04 05 06 07 08 09 1
X'c

Figure 7 Friction coefficient of the upper surface of the airfoil without and with trip

Table 7 Flow features and Airfoil performance with and without trip.

Airfoil | Xsep/c | Xreat/Cc | Liss/c | Performance E
Original | 0.20 | 0.64 0.44 22.761
Tripped | 0.22 | 0.65 0.43 24.387
Error,% | 9 1.56 2.32 6.04

Figure 8 displays the pressure and velocity contours around the airfoil with the trip. The stagnation point is observed
to occur at the airfoil leading edge and the pressure is equally distributed on the upper and lower surfaces. Notice that
the pressure over the upper surface is negative which in return results in high velocity thus confirming Bernoulli’s
principle. The use of trip creates low pressure zone prior to its location which results in performance enhancement.
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Figure 8 Pressure and velocity contour around the tripped airfoil

5. Conclusions

The drag component due to flow separation is the major component increasing the total drag at low Reynolds number
regime. Decreasing this component is beneficial for the overall performance of the airfoil. The current study utilized trip
turbulator to enhance the performance of SD7003 airfoil at Reynolds number of Re = 6 X 10* and angle of attack of
a = 4deg. In addition, the surrogate model Response Surface Methodology RSM within Design-Expert software was
used to obtain the optimum location of the trip away from leading edge and the trip height and width. The optimum trip
location was found to be downstream the separation point of the airfoil without the trip and the separation and
reattachment points of the airfoil with the trip were delayed. Finally, the length of Laminar Separation Bubble has
decreased by 2.32% and the tripped airfoil performance increased by 6%.
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